ABSTRACT Cladistic analysis is used to study the evolution of 29 biological characters related to nesting behavior, nest provisioning, oviposition, cocoon spinning, defecation, and life cycle (nest characters) in 11 species of Osmia bees (Hymenoptera: Megachilidae) and two outgroup genera. A molecular phylogeny based on 38 allozyme loci-as-characters and a combined character phylogeny are produced to compare with the nest character phylogeny. All phylogenetic trees support the monophyly of the genus Osmia and the subgenus Osmia (Osmia) with Osmia ribifloris Cockerell basal to the other species in this subgenus. The subgenus Helicosmia (ϭChalcosmia) is resolved as a sister clade to O. (Osmia) in the molecular tree and as sister to the subgenus Cephalosmia in the nest character and combined trees. Incomplete biological information from additional species of all three subgenera is provided to support the consistency of nest characters at the subgeneric level and their use in the establishment of subgeneric phylogenies in the family Megachilidae.
THE IDEA THAT behavior evolves in essentially the same fashion as morphology justiÞes the use of behavioral characters both on their own and combined with morphological or molecular characters in the inference of phylogenies (Wenzel 1992 , de Queiroz and Wimberger 1993 , Proctor 1996 . This possibility has long been recognized by ethologists (Whitman 1899 , Heinroth 1911 , Tinbergen 1959 , but phylogenetic studies using behavioral characters are still scarce (Wenzel 1992 , de Queiroz and Wimberger 1993 , Proctor 1996 . It has been argued that behavioral characters are difÞcult to homologize and are more evolutionarily labile (subject to convergence and reversal) than morphological characters (Atz 1970 , Baroni Urbani 1989 , but some studies have shown similar levels of homoplasy between behavioral and morphological or molecular data sets (McLennan et al. 1988 , Arntzen and Sparreboom 1989 , Coddington 1990 , Prum 1990 , de Queiroz and Wimberger 1993 , Proctor 1996 . The limited use of behavioral characters in phylogenetic studies may be attributed to the difÞculty of collecting behavioral data, a task that often requires large amounts of observation time. Sometimes, behavioral data can be obtained through the study of structures that are the result of particular behaviors. In nesting Aculeate Hymenoptera (ants, bees, wasps), a considerable amount of behavioral (nest building, provisioning, oviposition, cocoon spinning) as well as physiological (life cycle, defecation) information can be obtained through nest analysis. Thus, behavioral characters, often related to nesting activities and nest architecture, have been used in aculeate Hymenoptera phylogenetic studies, mostly in combination with larger numbers of morphological characters (Carpenter 1982 (Carpenter , 1987 (Carpenter , 1988 Carpenter and Cumming 1985; McGinley and Rozen 1987; Baroni Urbani 1989 Alexander 1990 Alexander , 1991 Rozen 1991 , Wenzel 1993 . Other Aculeate studies have traced the evolution of behavioral traits on phylogenies obtained from morphological or molecular characters (Packer 1991 , Carpenter et al. 1993 , Chavarria and Carpenter 1994 , Engel and Schultz 1997 .
Bee (Apoidea) nesting behavior may be classiÞed as burrowing (carpenters or miners) and nonburrowing, according to whether species do or do not excavate their own nests (Malyshev 1935 , Stephen et al. 1969 , OÕToole and Raw 1991 . Among the latter, some species use preestablished cavities, and others build their cells in more or less exposed situations. The primitive condition in the family Megachilidae is to nest in burrows, excavated in either soil (Fideliinae -Rozen 1970 , 1973 McGinley and Rozen 1987; -Trachusa Malyshev 1935 , Michener 1941 , Westrich 1989 or wood (Lithurgini -Malyshev 1935 , Cros 1939 , Brach 1978 . However, three or more types of nests (including nests in wood cavities, in snail shells, in cracks in rocks, burrows in the ground, burrows in stems, and exposed nests) are found in several derived genera (Anthidium, Osmia, Hoplitis, Megachile subgenera Litomegachile and Delomegachile) (Malyshev 1935 , Stephen et al. 1969 , Eickwort et al. 1981 , Westrich 1989 . The absence of secreted substances in nest construction and the frequent incorporation of external materials, in cavity-nesters as well as burrowing species, is characteristic of the Megachilidae (Stephen et al. 1969) . The use of certain nesting materials has appeared several times independently throughout the evolution of the family. Soil use is found in species of Osmia, Hoplitis, Chelostoma, Megachile subgenera Eumegachile and Chalicodoma, resin in species of Heriades, Chalicodoma, Anthidium, Trachusa, and Hoplitis, and masticated leaf in species of Osmia, Ashmeadiella, Hoplitis, and Anthidium (Malyshev 1935 , Krombein 1967 , Stephen et al. 1969 , Rust 1980 , Westrich 1989 ). Pollen specialization is another plastic character. Most Megachilidae are polylectic, but oligolecty appears to be frequent in the primitive Fideliinae and Lithurgini (Rozen 1970 (Rozen , 1977 Brach 1978; Roberts 1978; Parker and Potter 1973; Yáñ ez 1997) and is common in Trachusa, Anthidium, Chelostoma, Heriades, Osmia, and Hoplitis (Rust 1974 , Westrich 1989 , Cane 1996 , Mü ller 1996 . Despite this apparently high degree of homoplasy, Torchio (1989) showed that biological characters could be used to characterize Osmia subgenera.
In this work, we used a cladistic analysis to study the evolution of 29 characters related to nest construction, nest provisioning, oviposition, life cycle, defecation, and cocoon spinning (nest characters) in 11 species of Osmia, representing three different subgenera. Two outgroup species, Hoplitis adunca (Panzer) and Megachile (Chalicodoma) angelarum (Cockerell) , are included in the analyses. We provide a molecular phylogeny based on 38 allozyme loci-as-characters that we compare with the behavioral phylogeny and the combined phylogeny of the 13 species. The two objectives of this article are as follows: (1) discuss the usefulness of nest characters in the establishment of phylogenetic hypotheses in the Megachilidae and (2) discuss the evolution of nesting behavior and related biological features among the three Osmia subgenera considered and in relation to the rest of the Megachilidae.
Materials and Methods
Species Studied. The genus Osmia contains Ϸ500 species found in the Holarctic (Rust 1974) . All Osmia are solitary, and many nest in preestablished cavities. Nest-traps (Krombein 1967) consisting of cavities of different diameters drilled in wooden blocks were placed in different locations in the United States, Japan, France, and Spain (Table 1) . Bee nests obtained in the cavities were taken to the laboratory, where they were dissected. We collected data on nest architecture, nesting materials, provision structure and oviposition, cocoon structure, shape and position of fecal particles, and progeny developmental stages. Progeny were reared to the adult stage and frozen for molecular analyses. We obtained nests and adult bees for 11 species of Osmia in three different subgenera [Osmia, Helicosmia (ϭChalcosmia) , and Cephalosmia] ( Table  1 ). The subgenus Chalcosmia has been recently homologized with the subgenus Helicosmia (Griswold and Michener 1997, Michener 2000) . Megachile angelarum and Hoplitis adunca were used as outgroup species. Outgroup status was established according to Roig-Alsina and Michener (1993) . Based on adult morphology, the Megachilidae are considered a monophyletic group divided into two subfamilies, the Fideliinae and the Megachilinae, with the latter containing four tribes, the Lithurgini (basal), Anthidiini, Megachilini, and Osmiini. Although the status of the last three tribes remains unresolved when larval characters are used, adult characters place Osmia and Hoplitis within Osmiini, and Megachilini as the sister tribe to Osmiini (Roig-Alsina and Michener 1993) . Some authors consider Hoplitis as a subgenus within Osmia (Westrich 1989) .
Molecular Characters. Adult females were homogenized in 0.03 ml of cold extraction buffer (Tris HCl 0.05 M, pH 7.0; May 1992) . After 20 min of cold incubation and low-speed centrifugation, the supernatant was pipetted into 1.5-ml Eppendorf tubes and stored at Ϫ80ЊC until used for electrophoresis, which occurred within 3Ð 4 wk after preparation. Supernatant was applied to 14% horizontal starch gels (50% Counaught and 50% Sigma, St. Louis, MO) using Þlter-paper wicks (Whatman #3, Whatman, Hillsboro, OR), and gels ran for Ϸ5 h. We used the methods and staining procedures described by May (1992) . Osmia lignaria allele frequencies (R.R., unpublished data) and individuals were used as a standard (Þve individuals per gel) for loci and alleles determination in all gels. Thirty-eight loci in 26 enzymes system (Table 2) were scored as loci-as-characters using the approach of Mardulyn and Pasteels (1994) . The three rules developed by Mardulyn and Pasteels (1994) were used to reconstruct the most-parsimonious trees for each locus. Allele gains and losses were treated equal in the reconstruction of steps from ancestral nodes to the taxa to produce the shortest possible tree for each locus. Nest Characters. All species studied are cavity nesters, and Þve of the characters identiÞed (characters 8 Ð12, Table 3 ) may not be easily applicable to other nesting types. Cavity-nesting Megachilidae tend to build linear series of cells separated by cell partitions with a closing plug at the cavity entrance. Each cell is provisioned with a mass of pollen and nectar and, in most cases; one egg only per cell is deposited. Our nest and cell terminology followed Krombein (1967) . Our observations were supplemented with published data (Rust 1974 (Rust , 1986 Maeta 1978; Torchio 1989; Vicens et al. 1993 ) to identify 29 nest characters for each species. Because character states did not always coincide in the two outgroup species, character polarity was based on the Lithurgini. The Lithurgini are unequivocally ancestral within the Megachilinae (Peters 1972 , Michener 1983 , RoigAlsina and Michener 1993 , and represent a biologically consistent group (Malyshev 1935; Cros 1939; Houston 1971; Rozen 1973; Brach 1978; Parker and Potter 1973; Roberts 1978; Garó falo et al. 1981 Garó falo et al. , 1992 Camillo et al. 1983 Camillo et al. , 1994 Yàñ ez 1997) . To assess the subgeneric consistency of the nest characters, information was gathered for 17 additional species, three Cephalosmia, 10 Helicosmia, and four O. (Osmia) (Malyshev 1935; Hartman 1944; Grandi 1964; Tasé i 1972 Tasé i , 1976 Hawkins 1975; Raw 1974; Rust 1974; Maeta 1978; Parker 1980 Parker , 1985 Westrich 1989; Vicens et al. 1993; and unpublished data) . These species were not used in the cladistic analyses because none of the molecular characters and only some of the nest characters could be scored, but they provided supporting evidence to our results.
Combined Characters. The informative loci-ascharacters and nest characters were used together in a combined analysis.
Parsimony Analysis. Character sets were unweighted and unordered. Molecular, nest character, and combined data sets were analyzed with PAUP 3.01 using heuristic search and TBR branch swapping (Swofford 1993) . Bootstrap analyses using 100 iterations were used to obtain conÞdence limits on individual clades. Trees were rooted according to RoigAlsina and MichenerÕs (1993) (Fig. 1) . The bootstrap trees (mean length, 129; range, 77Ð175; CI ϭ 0.597; RI ϭ 0.469) supported the genus Osmia (82%) and the subgenera Osmia (65%), Cephalosmia (99%), and Helicosmia (70%). The genus Osmia was supported by changes at Þve loci (EST1, ESTF1, GPI1, ME1, PEP5). The subgenus Osmia was supported by loci GK1, MPI1, PEP2, SOD2, the subgenus Cephalosmia by loci DIA1, FBP1, GK1, G6PDH1, HBDH1, PEP2, and the subgenus Helicosmia by loci GP1, PEP4.
Nest Character Phylogeny. Parsimony analysis of 21 informative nest characters (Appendix 2 and 3) produced three trees (length, 41; CI ϭ 0.805; RI ϭ 0.873). The strict consensus tree resolved the genus Osmia and the subgenus Osmia. Osmia ribifloris (Cockerell) is again basal to the other O. (Osmia) species, of which only O. rufa (L.) and O. taurus Smith are resolved as sister species. The two Cephalosmia species form a trichotomy with the two Helicosmia, which are grouped together (Fig. 2) . Bootstrap trees (mean length, 43; range, 34 Ð92; CI ϭ 0.837; RI ϭ 0.887) support the genus Osmia (71%), the subgenus Osmia (70%), the pairing of the two Helicosmia (91%) and the Helicosmia-Cephalosmia clade (94%). Bootstrap trees also support the basal position of O. ribifloris (80%) in the O. (Osmia) clade and the O. rufa-O. taurus pairing (84%) (Fig. 2) . The genus Osmia was supported by wintering in the adult stage , the cell walls not lined , cocoon nipple present and raised (26-2), and the presence of a thick middle layer in the cocoon (28-1). The subgenus Osmia was supported by adult activity in the spring (1-1) , the cocoon attached only to the posterior cell partition (25-0), and cocoon with a silky outer layer (29-1). The Cephalosmia-Helicosmia clade was supported by oligolecty (13- 0), the pollen provisions reworked after the last pollen load, with a wet core and a dry outer layer (14-3), and the provisions Þlling the whole cell , the fecal particles smeared (20-1) and cocoon nipple hidden by a silky cap (27-1). The only character unique to the two Cephalosmia species is oviposition in an egg cavity (16-0). Helicosmia is supported by the fecal pellets with truncated tips . Supporting evidence from other species in the three subgenera is provided in Table 3 . For many of the characters, where information is known, character states are relatively consistent within each subgenus but differ between subgenera. Combined Data Phylogeny. Parsimony analysis of the combined data sets produced six trees (length, 156; CI ϭ 0.692; RI ϭ 0.692). The strict consensus tree supports the genus Osmia and the three subgenera (Fig. 3) (Osmia) (Fig. 3) . Both molecular and nest character state changes that support the various species and clades are shown in Fig. 3 .
Discussion
Both our molecular and nest phylogenetic trees support the monophyly of the genus Osmia and the subgenus O. (Osmia) and place the two Helicosmia as sister species. They also coincide in placing O. ribifloris basal to the other O. (Osmia). The main difference between the two trees is the placement of Helicosmia, sister to O. (Osmia) in the molecular tree and sister to Cephalosmia in the nest character tree. Helicosmia and Cephalosmia are indeed very similar biologically and, as a result, biological features outweigh molecular characters in the combined analysis, where these two subgenera are resolved as sister clades. The only other cladistic analysis of Osmia is found in Peters (1978 polytomous clades within the subgenus O. (Osmia). Unfortunately, he did not provide characters or a character matrix that could be combined with our data for these three species.
The genus Osmia shows several derived morphological traits within the Megachilidae (Roig-Alsina and Michener 1993) and with Hoplitis was placed in the tribe Osmiini (Michener 1941a , Sinha 1958 , RoigAlsina and Michener 1993 . The nest characters used in our study also suggest a derived phylogenetic status for Osmia. Overwintering as larvae (prepupae) is the primitive condition in the Megachilidae (Fideliinae - Rozen 1970, McGinley and Rozen 1987; LithurginiCros 1939 , Parker and Potter 1973 , Roberts 1978 , Camillo et al. 1983 , Garó falo et al. 1981 . The larval stage is the most common overwintering state in other megachilid genera (Trachusa, Anthidium, Megachile) (Michener 1941b , MacSwain 1946 , Krombein 1967 , Parker 1987 , Westrich 1989 , and other Osmiini genera (Hoplitis, Heriades, Proteriades, Anthocopa, Chelostoma) (Krombein 1967; Rust 1975, 1976; Rust 1980; Parker 1977 : Westrich 1989 . Conversely, most Osmia overwinter as adults, or facultatively as adults and prepupae (Fye 1965; Medler 1967; Krombein 1967; Rust and Clement 1972; Rust et al. 1974; Frohlich 1983; Cripps and Rust 1985; Parker 1984 Parker , 1986 Torchio 1989; Westrich 1989; Vicens et al. 1993 ; this study). Probably in relation to their wintering in the adult stage, most Osmia species ßy early in the year compared with other Megachilidae. Up to 85% of 20 Osmia species but only 15.3% of 72 non-Osmia megachilids from southeastern Germany start ßying in May or earlier (Westrich 1989) .
The genus Osmia is also characterized by building unlined cells, delimited by simple cell partitions composed of only one material in most cases. The absence of cell lining to isolate immature stages from the nesting substrate is compensated for with the spinning of a thick, multilayered cocoon with a thick brownish layer made of salivary matrix (Torchio 1989 ) and a strong apical nipple. This cocoon structure contrasts with that of many megachilid genera, including the ancestral Lithurgini (Brach 1978 , Parker and Potter 1973 , Roberts 1978 and many other Osmiini (Ashmeadiella, Heriades, Hoplitis, Chelostoma) (Krombein 1967; Rust 1975, 1976; Rust 1980; Westrich 1989; Parker 1988; Bosch et al. 1993) , which spin thin, translucent cocoons with absent or weak nipples.
Within the genus Osmia, nest characters indicate a more derived status for O. (Osmia) overwinter strictly as adults, whereas most Cephalosmia and Helicosmia species overwinter facultatively as prepupae and adults (Table 3) . O. (Osmia) species tend to ßy earlier than Cephalosmia or Helicosmia (Table 3) , and this tendency is apparent within geographical regions as diverse as the Great Basin area of the United States, Japan, southeastern Germany, and northeastern Spain (Rust 1974 , Maeta 1978 , Westrich 1989 and unpublished data) . Cocoon structure is also more derived in O. (Osmia) than in Cephalosmia and Helicosmia. Cocoons of these two subgenera are composed of an outer thin and fragile translucent layer, a thick middle and consistent brownish layer, and an inner thin layer composed of densely woven silk strands. This last layer is often incomplete, not reaching the basal tip of the cocoon. In O. (Osmia) cocoons have an additional outer layer of loose silk strand meshwork, and the inner layer is, in most cases, complete. Like in other cavity-nesting Osmiini (Hoplitis, Ashmeadiella, Heriades, and Chelostoma) (Krombein 1967 , Clement and Rust 1976 , Westrich 1989 and Megachilidae (Lithurgus, Megachile, subgenera Eumegachile, Chalicodoma) (Cros 1939; Michener 1953; Krombein 1967; Houston 1971; Brach 1978; Garó falo et al. 1981 Garó falo et al. , 1992 Frohlich and Parker 1983; Kim 1992; Bosch et al. 1993 ; this study) the cocoon is in contact with both the posterior and anterior partitions of the cell in Cephalosmia and Helicosmia, whereas it is only attached to the posterior partition in O. (Osmia) .
Cephalosmia and Helicosmia show striking biological similarities in their life histories, nesting behavior, pollen specialization, and cocoon and fecal pellet structure. Helicosmia, however, is more polymorphic (Table 3) (Rust 1974 , Tkalcu 1975 . They lack the development of the apical margin of the clypeus and the projections at the base of the mandibles typical of other female Helicosmia (Yasumatsu and Hirashima 1950 , Rust 1974 , Tkalcu 1975 . Osmia orientalis females lack a diagnostic subgeneric character and are only placed in Helicosmia based on the maleÕs subgeneric characters (Yasumatsu and Hirashima 1950 (Rust 1974) . Torchio (1989) provided detailed behavioral descriptions of the use of clypeal modiÞcations to smooth the surface of cell partitions in the mud user O. lignaria. The only other species in the subgenus using leaf material for cell construction is O. mustelina Gerstaecker (ϭemarginata Lepeletier) (Grandi 1964) , which also lacks clypeal tubercles and is morphologically very similar to O. ribifloris (Rust 1974) . Masticated leaf is the most commonly used nesting material among Osmia in other subgenera (Krombein 1967 , Maeta 1978 , Parker and Tepedino 1982 , Frohlich 1983 , Westrich 1989 , including Cephalosmia and Helicosmia (Table 3) as well as several subgenera considered morphologically primitive (Diceratosmia, Nothosmia, Chenosmia, Euthosmia) (Sinha 1958) . It has been suggested that O. ribifloris could be placed (with O. mustelina, O. nigrohirta Friese, and other species) in the subgenus Aceratosmia based, in part, on the four-segmented rather than Þve-segmented maxillary palpi (Griswold and Michener 1997, Michener 2000) . However, close examination of male and female O. ribifloris, O. mustelina and O. nigrohirta has revealed the presence of a Þfth, although small, apical segment in the maxillary palpi.
Several studies have shown similar levels of homoplasy in behavioral and morphological character analyses (de Queiroz and Wimberger 1993, Proctor 1996) . Many of the nest characters proposed in this study are relatively consistent at the generic or subgeneric levels ( Table 3 ), indicating that they should prove useful in the establishment of generic and subgeneric phylogenies in the Megachilidae. At the speciÞc level, however, several species have identical nest character scores, and as a consequence these characters were less useful to resolve the relative position of species within a subgenus. Thus, our behavioral tree only establishes the basal position of O. ribifloris and the pairing of O. rufa and O. taurus within the O. (Osmia) clade. More detailed behavioral observations might provide interspeciÞc differences and resolve some of the polytomies obtained. For instance, although the cocoon nipple is structurally similar across several O. (Osmia), the timing and the methods used by the larva for its construction differ among species (Torchio 1989) . Similarly, the sequence of activities in the construction of an egg chamber is different between O. montana Cresson and O. californica Cresson (Torchio 1989) .
The occurrence of species like O. ribifloris, O. mustelina, O. caerulescens, O. orientalis, and O. jacoti , which differ from other species in their respective subgenera for both morphological and biological characters, validates the use of biological/behavioral characters in the establishment of phylogenies. Future studies should include some of these species, as well as other Osmia subgenera, especially Diceratosmia and the North American endemic Acanthosmioides , both with distinctive subgeneric morphologies (White 1952 , Sinha 1958 .
